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Abstract

Lymphatic vasculature critically depends on the connections of lymphatic endothelial cells with the extracellular
matrix (ECM), which are mediated by anchoring filaments (AFs). The ECM protein EMILIN1 is a component of AFs
and is involved in the regulation of lymphatic vessel functions: accordingly, Emilin1~~ mice display lymphatic
vascular morphological alterations, leading to functional defects such as mild lymphoedema, lymph leakage and
compromised lymph drainage. In the present study, using a mouse post-surgical tail ymphoedema model, we show
that the acute phase of acquired lymphoedema correlates with EMILIN1 degradation due to neutrophil elastase (NE)
released by infiltrating neutrophils. As a consequence, the intercellular junctions of lymphatic endothelial cells are
weakened and drainage to regional lymph nodes is severely affected. The local administration of sivelestat, a
specific NE inhibitor, prevents EMILIN1 degradation and reduces lymphoedema, restoring a normal lymphatic
functionality. The finding that, in human secondary lymphoedema samples, we also detected cleaved EMILIN1 with
the typical bands of an NE-dependent pattern of fragmentation establishes a rationale for a powerful strategy that
targets NE inhibition. In conclusion, the attempts to block EMILIN1 degradation locally represent the basis for a
novel ‘ECM’ pharmacological approach to assessing new lymphoedema treatments.
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INTRODUCTION

The lymphatic vasculature is critical for fluid homoeostasis, im-
mune surveillance and fat absorption [1]. It comprises lymphatic
capillaries, adapted for lymph uptake from the tissue interstitium,
and collecting vessels, which transport lymph back to the vascu-
lar blood system. Lymphatic capillaries are blind-ending vessels,
lined by a single thin layer of overlapping lymphatic endothelial
cells (LECs) directly connected to the surrounding extracellular
matrix (ECM) by means of elastic anchoring filaments (AFs) [2].
Abnormalities of AFs may reduce adsorption from the intersti-
tium and propulsion of lymph and cells, and promote patholo-

gical conditions such as lymphoedema [3]. The secondary lymph-
oedema (acquired) frequently arises as a consequence of surgical,
malignant, inflammatory or traumatic disruption of the lymphat-
ics [4]. Lymphoedema has no cure and current treatments [5] can
only slow its progression. The recent improvements in surgical
and radiotherapy techniques have not substantially reduced the
incidence of cancer-related lymphoedema and, although reliance
on sentinel node techniques does reduce the risk of lymphoedema,
only a small percentage of the at-risk cancer population benefits
from this approach. Therefore, the impact of lymphoedema re-
mains a serious healthcare problem in patients with cancer, above
all in those with breast cancer.

Abbreviations: AF, anchoring filament; Cl, cell index; ECM, extracellular matrix; H&E, haematoxylin and eosin; HMVEC-dLyNeo, human microvascular endothelial cell-dermal
lymphatic — neonatal; Ig, immunoglobulin; LAEC, lymphangioma-derived endothelial cell; LEC, lymphatic endothelial cell; MMR matrix metalloproteinase; NE, neutrophil elastase; TGF-g,

tumour transforming factor B; VEGF, vascular endothelial growth factor; WT, wild type.
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Lymphoedema, wound healing and tumour metastatic pro-
cesses, in which lymphangiogenesis is a critical factor to initiate
and coordinate the sequence of events, are closely related to the
molecular ECM composition of the microenvironment. A better
understanding of which and how ECM molecules influence en-
dothelial cell functions could provide full insight into how lymph-
angiogenesis occurs and contributes to local lymph drainage in
disordered tissues. The ECM protein EMILINI is expressed in
lymphatic vessels, as well as in the connective tissues of a wide
variety of organs [6-9]. EMILINI is a component of the sys-
tem of cell anchorage to elastic lamellae via the a48,- and/or
a9 B1-integrin receptors [10,11]. Although mice homozygous for
disruption of emilinl display no lethal abnormalities [8,12,13],
structural and functional defects of the lymphatic vessels are
present, with a reduction in AFs, enlargement of lymphatic ca-
pillaries and alterations of the luminal valves of the collectors,
with myofibrillar differentiation and proliferation [11].

There have been few attempts to develop suitable animal mod-
els of secondary lymphoedema and to assess new molecular ther-
apies: the most recent are the mouse-tail skin wound [14,15] and
the excision of mouse axillary lymph nodes [16]. The identific-
ation of several molecular components of the lymphatic vascu-
lature has made it feasible to consider treatment with lymphatic
growth factors. Vascular endothelial growth factor (VEGF)-C and
VEGF-D have been tested in animal models, demonstrating that
growth factor-induced maturation of lymphatic vessels is possible
in adult mice and that growth factor therapy could become a valid
approach for lymphoedema treatment [16—18]. Pharmacological
approaches were also attempted; however, although ketoprofen
reduced the swelling of the tail in a post-surgical mouse model
[19,20], benzo-pyrones applied in human clinical trials were not
very effective, apart from a slight improvement in lymphoedema
[21,22].

We have recently demonstrated that neutrophil elastase (NE)
was the most effective cleaving enzyme that could fully impair
the regulatory function of EMILIN1 [23]. In the present study we
demonstrate that, in the acute phase of lymphoedema, NE con-
tributed to EMILIN1 degradation in the intercellular connections
of LECs, altering their properties, and that the local administra-
tion of sivelestat, a specific NE inhibitor, reactivated lymphatic
vessel function in a post-surgical tail lymphoedema model by
reducing EMILINT cleavage.

MATERIALS AND METHODS

Reagents

Secreted recombinant EMILIN1 protein was obtained by con-
stitutive expression in 293E cells, as previously described [24].
Briefly, the cells were expanded to mass culture and then main-
tained for 2 days in serum-free medium to allow accumulation
of EMILIN1 in the cell supernatant. Partial purification was
achieved by dialysis of the conditioned medium at 4°C against
0.1 M NaCl, 20 mM Tris/HCI, pH 6.8. A further purification
step was achieved by chromatography on a DEAE-cellulose
column and size exclusion chromatography using Sepharose

CL 4B (1.0x90.0 cm column, Amersham Pharmacia Biotech).
Fibronectin was purchased from Sigma-Aldrich.

NE was purchased from Calbiochem (324681, Merk Milli-
pore) and MMP-14 from Giotto Biotech S.r.I. Sivelestat sodium
salt hydrate was purchased from Sigma (S7198) and suspended
in a 20 mg/ml stock solution. GM6001 (Chemicon, Merk Mil-
lipore) was used as a broad-spectrum matrix metalloproteinase
(MMP) inhibitor.

A complete list of all antibodies used in this study, with their
specificity and sources/manufacturers, is given in Supplementary
Table S1.

Mouse-tail model of lymphoedema

All animal procedures and their care were performed according to
the institutional guidelines, in compliance with national laws and
authorization by the Italian Ministry of Health (no. 248/2015).
C57Bl/6 mice were purchased from Charles River Laborator-
ies. Emilin]~~ mice (C57Bl/6 background) were generated as
previously described [13] and maintained at the CRO-IRCCS
mouse facility. In all experiments 6- to 8-week-old female an-
imals and their littermate age-matched controls were used. Mice
were anaesthetized with an intraperitoneal injection of ketamine
(Imalgene, Merial) (100 mg/kg) and xylazine (Rompun, Bayer)
(10 mg/kg). To provide analgesia for the treatment of post-
surgical pain, a buprenorphine (Temgesic solution, 0.3 mg/ml,
RB Pharmaceutical Ltd) subcutaneous injection was performed
before surgery. To induce lymphoedema, a circumferential in-
cision was made through the dermis close to the tail base (1 cm)
to sever the dermal lymphatic vessels. The edges of this incision
were then pushed apart with a cauterizing iron, thereby disturbing
the deeper lymphatics, preventing superficial bleeding and creat-
ing a 2- to 3-mm gap to delay wound closure. Care was taken to
maintain the integrity of the major underlying blood vessels and
tendons so that the tail distal to the incision did not become nec-
rotic. Gentamicin sulfate 0.1 % ointment (Gentalyn, MSD Italia
S.r.1.) was applied to prevent infection. To counteract NE, sive-
lestat solution (2 mg/kg, final concentration) was intradermically
injected with a 29-gauge syringe, immediately after surgery and
daily for the following 4 days. Pilot dose—response experiments
(three mice per group) were carried out to find the optimal in-
hibitor concentration. Volumetric assessment was performed by
taking a picture of the tail close to a ruler [25]. On acquired im-
ages, computer-assisted morphometric analyses were performed
using Image] software (accessible at http://imagej.nih.gov/ij/).
The tail volume was calculated with the truncated cone formula
and the tail-volume increase for each mouse was calculated on
the basis of presurgical measurements.

Mice were sacrificed at various times up to 14 days from sur-
gery. The tails were excised proximally and distally from the site
of the wound. Tail tissues were fixed in 10% formalin-buffered
solution, and decalcified with EDTA before OCT medium em-
bedding (Kaltek). Cross-cryostat sections of 5 um were prepared
and stored at —80°C until processing.

To test the enzymatic activity of lymph derived from mice
subjected to tail surgery, mice were sacrificed at days 4 and
7. Oedematous tail tissue was excised and removed close to
the site of wound and immediately centrifuged at 4°C in a
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microcentrifuge at maximum speed for 30 min. The supernatant
was collected and stored at —80°C until its use for in vitro
experiments.

In vivo administration of anti-Ly6G antibody to
deplete neutrophils

Mice were injected intraperitoneally with 500 pg of anti-Ly6G
antibody (clone 1A8, BioXCell) dissolved in 200 u1 of PBS, the
day before tail surgery and daily for the following days. Control
mice received equal amounts of isotope control antibodies (rat
immunoglobulin 1gG2a, clone 2A3, BioXcell). Flow cytometry
was performed to check depletion of neutrophils by anti-Ly6G
treatment as follows: blood samples were collected in tubes
containing EDTA and treated with ammonium chloride eryth-
rocyte lysis buffer; cells were stained directly with conjugated
antibodies (see Supplementary Table S1) for 15 min at 4°C in the
dark in PBS/1% BSA. The Grl antibody was used here to avoid
false-negative results because the anti-Ly6G-depleting antibody
may mask the Ly6G epitope. All analyses were performed using
a Beckton Dickinson LSRII flow cytometer using dedicated
Diva software.

Cell cultures

Human microvascular endothelial cell-dermal lymphatic —
neonatal (HMVEC-dLyNeo) cells, and the media optimized for
their growth (EBM-2), were purchased from Lonza (Euroclone
SpA). These cells have been characterized as previously
described [8] and reported in Supplementary Figure S1. Mouse
lymphangioma-derived endothelial cells (LAECs) were isolated
and immortalized following the procedure described previously
[26]. Briefly, the mice were injected twice intraperitoneally, with
a 15-day interval, with 200 ul of emulsified (1:1 with PBS)
incomplete Freund’s adjuvant (Sigma). Hyperplastic vessels
were isolated from the liver and diaphragm at day 30 and treated
with 0.5 mg/ml of collagenase A (Roche Diagnostics), and the
resulting single-cell suspension was cultured. After 7-10 days
of culture, subconfluent cells (LAECs) were recovered with
trypsin/EDTA and immortalized by means of SV40 infec-
tion. Immortalized LAECs were characterized for lymphatic
endothelial markers as reported previously by us [27].

Human samples

To analyse EMILIN1 degradation in human lymphoedematous
tissues, samples were obtained after signed informed consent
from patients affected by peripheral secondary lymphoedema
who underwent lymphatic microsurgery at the Centre of Lymph-
atic Surgery and Microsurgery of the University of Genoa, Italy.
During derivative procedures of multiple lymphatic—venous ana-
stomoses or lymphatic pathway reconstruction [28], surgeons
sectioned small tissue samples for in vitro analyses. To quantify
inflammatory infiltrate we retrieved biopsy material from two pa-
tients with lymphoedema of the vulva, which developed after
adjuvant radiotherapy for cervical cancer and was at a later
stage treated for lymphoedema resolution at CRO-IRCCS, as
recently reported [29]. For histological analysis, formalin-fixed,
paraffin-embedded, 5-pum tissue sections were deparaffinized in
xylene and rehydrated in a graded series of alcohol. Images of
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haematoxylin and eosin (H&E)-stained paraffin sections were
captured using a camera (ICC50, Leica Microsystems) connec-
ted to a Leica DM 750 microscope.

Immunofluorescence and histological analyses
For immunofluorescence staining, cells were washed and fixed
with 4 % paraformaldehyde for 10 min, permeabilized (with 1%
BSA, 0.1% Triton X-100 and 2% FBS in PBS) for 5 min and
saturated with the blocking buffer (1% BSA, 2% FBS in PBS)
for 30 min. Tail-tissue sections were hydrated for 15 min (with
1% Triton X-100, in PBS) and blocked for 30 min (1% BSA, 2%
FBS or 5% normal goat serum in PBS). For HMVEC—-dLyNeo
cell staining, rabbit polyclonal anti-human EMILIN1 antibod-
ies (As556, produced in our laboratories), mouse monoclonal
anti-human CD31 antibodies and rabbit polyclonal anti-human
fibronectin antibodies (a gift of Professor GM Bressan, Univer-
sity of Padua, Italy) were used. For tail-tissue cryostat sections rat
monoclonal anti-mouse EMILIN1 antibodies (clone 1007C11AS,
produced in our laboratories) and hamster anti-mouse podoplanin
antibodies were used. All the incubations with the primary an-
tibodies were performed overnight at 4°C (followed by three
5-min washes in PBS) and with the appropriate secondary an-
tibodies (conjugated with Alexa Fluor 488 or Alexa Fluor 546
at 1:200 dilution, Life Technologies) for an additional 1 h at
room temperature. For all samples, negative controls included
the corresponding isotype or IgG. To-Pro-3 (1:5000, Life Tech-
nologies) was used to visualize the nuclei. Images were acquired
with a true confocal scanner system (TCS SP2, Leica Microsys-
tems) equipped with HC PL Fluotar 10x/0.30 NA, HCX PL Apo
40x/1.25-0.75 NA and HCX PL Apo 63x/1.40-0.60 NA oil
objectives (Leica), using Leica confocal software.

Cryostat sections were stained with H&E and images were
acquired using an optical microscope (Leica DM750) equipped
with a CCD camera using dedicated software (Las EZ Leica).

Western blot analysis

Mice were sacrificed at day 4 or 7 after surgery, and lymph
samples were collected from tails and incubated with recombin-
ant EMILINI for 18 h. Whole lysates of both human samples
and tail tissues from normal and lymphoedematous sites were
prepared using thiourea/urea lysis buffer (7 M urea, 2 M thiourea,
2% CHAPS). Samples were subjected to SDS/4—12%PAGE (us-
ing Criterion Precast Gel, BioRad) and blotted on nitrocellu-
lose membranes (Amersham Hybond-ECL, Amersham Phar-
macia Biotech). Membranes were blocked (5% non-fat milk,
0.1% Tween-20 in TBS) and incubated with rabbit polyclonal
anti-human EMILINT (As556) to identify recombinant human
EMILIN1 protein or rabbit anti-mouse EMILIN1 (mClq, an an-
tibody generated to specifically recognize the mouse gClq do-
main) to detect EMILINI in mouse tissue lysates. Horseradish
peroxidase (HRP)-tagged secondary antibodies (Jackson Immun-
oresearch) were used at proper dilutions. Signals were detected
using ECL reagents (Amersham Western Blotting Detection Sys-
tem and HyperFilm ECL, Amersham Pharmacia Biotech).

Microlymphangiography
Mice were anaesthetized as described above and the func-
tionality of tail lymphatics was examined by fluorescence
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microlymphangiography; 2 ul of 5 mg/ml FITC—dextran solu-
tion (M, ~2000 kDa, Life Technologies) was injected near the
surgical wound (0.5 cm distant) and diffusion of the dye was im-
mediately recorded using a stereomicroscope Leica M205 FA and
Leica DFC310 FX digital camera (Leica Microsystems). After
5 min, mice were sacrificed and draining iliac lymph nodes were
imaged as above.

Endothelial barrier integrity assays

To measure endothelial barrier integrity we adopted the techno-
logy provided by the Real-Time Cell Analyzer dual plate instru-
ment (ACEA Biosciences) and proprietary E-plates 96 [30,31].
The principle of this technology relies on the fact that the increase
in electrode impedance, expressed as the cell index (CI), is dir-
ectly dependent on the number of cells and their spread. Thus,
the CI is a reflection of overall cell number, attachment quality
and cell morphology which can change as a function of time.
HMVEC-dLyNeo or LAEC cells (5x103/well) were added to
E-plates 96 in EBM-2 medium. After 4 days, different concen-
trations of NE were added and the E-plates 96 were monitored
every 15 min for 12 h. Changes in impedance of confluent en-
dothelial cells reflect changes in barrier function. Data analysis
was performed using the Real-Time Cell Analyzer software (ver-
sion 1.2) supplied with the instrument. Experiments were per-
formed in triplicate and data are expressed as a normalized CI at
the time of NE addition.

Statistical analysis

Throughout this study, plotted values are shown as
meanst+S.E.M.s or S.D.s as indicated. The statistical signific-
ance of the results was determined using the two-tailed unpaired
Student’s #-test to determine whether the two datasets were signi-
ficantly different. A value of P < 0.05 was considered significant.

RESULTS

Lymphatic function is reduced in Emilin1—/— mice

Using a post-surgical tail lymphoedema approach we demonstrate
that Emilinl~'~ mice show a faster, greater and much longer
persistence of swelling compared with the wild-type (WT) lit-
termates (Figures 1A and 1B), suggesting that the absence of
EMILIN1 correlates with the inefficient fluid drainage by the
lymphatics. No significant differences in the number of lymphatic
vessels were detected, 2 weeks after surgery, in the proximal seg-
ment of the wound between WT and Emilinl '~ mice, whereas, in
the distal oedematous tail tissues, very few lymphatic capillaries
were present in Emilinl ~~ mice (Figures 1C and 1D). Moreover,
new lymphatic vessels of WT mice had a larger lumen compared
with Emilinl~~ mice (Figures 1C and 1E). To analyse lymph-
atic regeneration and function in WT and Emilinl~'~ animals
further, we performed lymphangiography to visualize draining
lymph nodes. After the injection of FITC—dextran in the dermis
of distal lymphoedematous tails, the typical hexagonal network
of dermal lymphatics driving the fluorescent tracer was detectable
in WT but not Emilinl~'~ mice (Figure 2A). Consequently, only
WT mice were able to drain FITC—dextran to iliac lymph nodes

(Figure 2B). In fact, the uptake of FITC—dextran by lymphatic
vessels was easy to detect in both the proximal and the distal
tail segments in WT mice, indicating that the regeneration of
lymphatics after surgery had occurred successfully (Figure 2C).
On the other hand, the fluorescent dye persisted in the dermis
of Emilinl~~ mice and no close association of FITC—dextran
with lymphatic vessels was evident (Figure 2C). The lack of a
well-defined capillary network in the distal tail and the absence
of fluorescent dye in draining lymph nodes in Emilinl ~~ animals
suggested that EMILIN1 deficiency impaired the regeneration of
functional lymphatic vessels.

Neutrophils infiltrate the lymphoedematous tissues
The surgical approach entails an acute inflammatory response
with the release of proteolytic enzymes. Neutrophils represented
the prevalent inflammatory cells of the infiltrate 4 days after sur-
gery (Figure 3A; see also Figure 7). EMILIN1 was digested to a
120-kDa form after in vitro incubation with the lymph extracted
from post-surgical lymphoedema tissues (Figure 3B). The en-
zymatic activity in the lymph persisted up to day 7 after surgery
in both WT and Emilinl~'~ mice. This molecular degradation
form is reminiscent of that obtained after NE treatment of puri-
fied EMILIN1 [23]. This cleavage effect was abolished with the
addition of sivelestat, a well-known NE inhibitor [32-34], but not
with GM6001, a broad-spectrum MMP inhibitor, indicating that,
among the enzymes released by neutrophils, NE was the most, if
not even the only one, effective in EMILIN1 fragmentation (Fig-
ure 3C). Consequently, only sivelestat could inhibit the activity of
NE on recombinant EMILINT1 in vitro (Figure 3D). Furthermore,
in contrast to normal skin, in lymphoedematous WT tissues the
intact form of EMILIN1 was not detectable, whereas a major
EMILIN1 fragment of about 70 kDa was generated (Figure 3E),
showing that EMILINT1 digestion occurred after a surgical wound
in the tail.

EMILIN1 degradation and neutrophil infiltration in
human acquired lymphoedema

Samples derived from surgical specimens of peripheral second-
ary lymphoedema, obtained during lymphatic microsurgery, were
assayed using Western blots to determine EMILIN1 expression
levels. All samples expressed different amounts of intact as well
as fragmented EMILIN1 (Figure 4A). Variable amounts of the
most characteristic bands detected in the NE-derived fragmenta-
tion pattern were present (Figure 4A, black arrows), suggesting
that in human lymphoedematous samples EMILIN1 was also
digested by NE. The source of NE is probably due to the pres-
ence of neutrophils, as detected in human acquired lymphoedema
of the vulva, which developed in two patients affected by cer-
vical cancer and treated with adjuvant radiotherapy (Figure 4B).
Even if these latter samples have to be considered part of a
chronic inflammatory process, as demonstrated by the presence
of several macrophages (CD68-positive cells) and a few lympho-
cytes (CD3- and CD20-positive cells) (see Supplementary Figure
S2), neutrophils were detected nearby or even attached to LECs
(Figure 4B).
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Figure1 Emilin1~~ mice develop consistent lymphoedema after tail surgery
(A, B) Emilin1~/~ mice showed a greater and much longer persistence of swelling compared with their WT littermates; six
mice per group were used. NS, not significant. (C) Representative cryostat sections from two WT (left) and two Emilin1~~
(right) mice of the distal part of their tail, demonstrating that the number of podoplanin-positive lymphatic vessels was
higher in WT than in Emilin1~/~ mice. Isotypical control staining was included. (D) Quantitative analyses of vessel density
(podoplanin staining) in proximal and distal parts of the tail. The number of podoplanin-positive lymphatic vessels was
counted in the whole immunofluorescent section acquired by the Leica TCS SP2 confocal system, using Volocity software
provided by Perkin Elmer. (E) In distal tails, new lymphatic vessels of WT mice have a larger lumen compared with
Emilin1~~ mice. The luminal area was calculated using the measurement area tool of Volocity software. The graphs
report the means+S.E.M.s obtained from four mice per group, analysing eight fields for each sample. Scale bar = 50 um.

NE degrades EMILIN, impairing lymphatic oring the impedance of confluent endothelial cells after NE treat-
endothelium integrity ment. The addition of NE resulted in a dose-dependent effect on
To demonstrate that EMILINI cleavage directly altered LEC the barrier function permeability (Figures SA and 5B) without
properties, we analysed the integrity of the monolayer by monit- affecting cell viability (data not shown), indicating that this
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Figure 2 Reduced lymphatic function in Emilin1~/— mice after tail surgery

FITC—dextran was subcutaneously injected into the tail of WT and Emilin1~~ mice at day 14 after wounding. (A) Rep-
resentative fluorescence images of subcutaneous lymphatic vessels in the tail are shown: note the typical hexagonal
network in WT tails. White arrows indicate the FITC—dextran injection site. (B) At 5 min from injection, images were taken
to visualize draining iliac lymph nodes. (C) Tails were harvested and stained with anti-podoplanin antibodies. Note the
uptake of FITC—dextran by lymphatic vessels (yellow asterisks) in WT mice and the persistence of the dye in the dermis
in Emilin1~~ mice. White arrows indicate podoplanin-positive lymphatic vessels. Isotypical control staining was included.
Scale bars = 2 mm (A, B) and 50 um (C).
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Figure 3 Neutrophil infiltration after tail surgery is associated with EMILIN1 cleavage

(A) Representative H&E staining of cryostat tail section (left) and its boxed area magnification (right) at day 4 after surgery,
showing an abundant neutrophil infiltrate. (B) Western blot analysis of recombinant EMILIN1 (E1) fragmentation in vitro
after an 18-h incubation with the lymph extracted from WT and Emilin1~~ mice at day 4 (d4) or 7 (d7) after wounding.
(C) Sivelestat, but not GM6001, blocked the enzymatic activity of the lymph on recombinant EMILIN1. (D) Coomassie
Blue-stained gels show that recombinant EMILIN1 cleavage using NE was specifically blocked by sivelestat. Fibronectin
was used as positive control for MMP-14 and the MMP inhibitor GM6001. (E) Western blot analysis of EMILIN1 degradation
in normal (N) and lymphoedematous (L) tail tissue extracts. Scale bar = 20 um.

enzyme treatment could loosen cell junctions as demonstrated
by CD31 distribution (Figures 5C—5F). After NE treatment,
cells appeared smaller with looser intercellular junctions, and
EMILIN1-positive fibrils were not evident in the gaps between
cells, suggesting that its cleavage correlated with the markedly re-
duced cellular contacts (Figure 5D). Fibronectin staining seemed
to be unmodified intercellularly after NE treatment (Figures SE
and 5F), probably because the elected substrate for NE in this
context was EMILIN1 and the integrity of EMILIN1 determ-

ined the stability of the LEC junctions. CD31 staining was
clearly visible and intense in cellular protrusions after NE treat-
ment, indicating that the NE-dependent formation of intercel-
Iular gaps was probably attributed to ECM degradation rather
than to proteolysis of membrane receptors (Figure 5D). Ac-
cordingly, LECs obtained from Emilinl~'~ mice were not af-
fected by NE treatment (Figure 5B), suggesting that NE’s ef-
fects on LEC integrity were exerted by affecting primarily
EMILINT.
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Figure 4 EMILIN1 cleavage and neutrophil infiltration in human acquired lymphoedema
(A) Western blotting analysis of EMILIN1 expression and cleavage in human acquired lymphoedema samples. Black
arrows and red arrow indicate the most representative bands of cleaved EMILIN1 and undigested EMILIN1, respectively.
(B) Paraffin-embedded sections of vulvar lymphoedema samples obtained from two patients (a and b, patient no. 1; c,
patient no. 2) stained with H&E. Arrows indicate neutrophils (a’, b’, ¢’) and asterisks enlarged lymphatic vessels (a, b, c);
a’, b’ and ¢’ correspond to the boxed areas in a, b and c, respectively. Scale bars = 20 um (a’, b’, ¢’); 50 um (a, b, c).
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Figure 5 EMILIN1 degradation by NE impairs lymphatic endothelium integrity

(A, B) Dynamic monitoring of lymphatic endothelium integrity in response to NE measured with XCelligence instrument
and expressed as normalized Cl. Cells were grown to confluence and then (black arrows in the graphs) different doses
of NE were added. HMVEC (A) and mouse LECs from WT (LAEC WT) and Emilin1~~ (LAEC KO) mice (B) were used. The
means+S.D.s of three independent experiments are reported in the graphs. (C-F) Confluent HMVECs were incubated for
5 h with NE and then fixed and stained with anti-CD31 and anti-EMILIN1 (C, D) or anti-fibronectin (E, F) antibodies. Dotted
lines highlight loss of EMILIN1 (D) or the well-detected and distributed fibres of fibronectin (F) within the area separating
adjacent cells after NE treatment. (G) Isotypical control staining of confluent HMVECs. Scale bar = 20 um.
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Figure 6 Sivelestat specifically reduces tissue swelling in a post-surgically induced lymphoedema model

(A) Dose-response effect of sivelestat on tail-volume increase after induction of surgical lymphoedema. Three mice per
group were subjected to local treatment. PBS (indicated as ‘O mg/kg’) was used as control ‘treatment’. (B-D) Sivelestat,
but not GM6001, already significantly reduced the extent of swelling in WT mice from the first days after injury. The vehicle
DMSO was used as a control for GMB001. (E) Sivelestat had no effect when locally injected in Emilin1~~ mice. The
numbers of mice used in (D) and (E) are reported in parentheses. Data are expressed as means+S.E.M.s.

Treatment with NE inhibitor reduces lymphoedema
We hypothesized that local treatment with NE inhibitors, by
preventing EMILIN1 degradation, could reduce the extent of
lymphoedema in WT mice. Immediately before wound surgery
and daily for the next 4 days, WT animals were treated with
sivelestat, which displays powerful treatment effects in various
preclinical models [35]. We observed that, right from the early
days after surgery, sivelestat-treated mice developed a signific-
antly (P < 0.001) less intense swelling of the distal tail compared
with the control (PBS-treated) mice (Figures 6A—6C, 7A and 7B).
On the contrary, the local administration of GM6001 (5 mg/kg,
following the same schedule used for sivelestat treatment) was
unsuccessful in reducing lymphoedema (Figures 6B and 6D), in-
dicating that MMPs were not responsible for the pathogenesis
of lymphoedema. The possibility that EMILIN1 was the crucial
target of NE in the acute phase of lymphoedema was strongly
suggested by the results in Emilinl~~ mice, in which sivelestat
had no effect in reducing tail swelling (Figure 6E).

The role of neutrophils in the tail ymphoedema
model

Sivelestat did not inhibit the recruitment of neutrophils, which
could also be detected up to day 7 after surgery in the

tail dermis, as well as in PBS-treated mice (Figures 7C and
7D). The numbers of CD45- and CD68-positive cells did
not significantly change after sivelestat administration (Fig-
ures 7E and 7F), indicating that this synthetic inhibitor spe-
cifically acted primarily on the enzymatic NE activity, and
was ineffective on inflammatory cell recruitment. Sivelestat was
also not influential in Emilinl~~ mice, which, however, had
higher basal numbers of macrophages compared with WT mice
(Figure 7E).

As neutrophils are the principal source of NE, we reasoned that
neutrophil depletion could provide the same effect as obtained by
sivelestat. We successfully depleted neutrophils by daily in vivo
administration of anti-Ly6G monoclonal antibody (Figures 8 A—
8C). Accordingly, the number of CD45+ cells was dramatically
reduced (Figure 8C). No significant change in the number of
CD68+ cells was detected (Figure 8D). Two consequences of the
cell depletion were the reduction in the extent of tail swelling
4 days after surgery (Figure 8F) and a higher EMILINI stain-
ing compared with control mice (Figure 8E). The effects of
Ly6G treatment suggest that EMILIN1 fragmentation was re-
duced, but not sufficiently to prevent the loss of its integrity and
obtain a significant reduction in swelling, as occurred after sive-
lestat treatment. In fact, NE was still detectable in Ly6G-treated
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Figure 7 Sivelestat does not interfere with neutrophil recruitment

(A, B) Yellow lines in representative cryostat sections after H&E staining indicate the dermis thickness of the tail 4 days
after surgery in (A) control (PBS) and (B) sivelestat-treated mice. (C) High magnification images of the tail dermis show
the presence of an abundant neutrophil infiltrate at days 2 and 4 in both control and treated mice, demonstrating that
sivelestat administration does not inhibit the recruitment of neutrophils, which are also detectable up to day 7 after
surgery. Black arrows indicate neutrophils. (D-F) Quantitative analyses of the number of (D) neutrophils, (E) CD45- and (F)
CD68-positive cells in the tail 4 days after surgery in control (PBS) and sivelestat-treated WT and Emilin1~~ mice. The
graphs report the means=+S.D.s obtained from four mice per group, analysing eight fields (40x, original magnification) for
each sample. The number of neutrophils was calculated on H&E-stained sections on the basis of morphological criteria,
whereas the number of CD45- and CD68-positive cells was calculated on immunofluorescent sections. Scale bars =
500 um (A, B) and 20 um (C).

mice even if the number of neutrophils was dramatically reduced
(Figures 8B and 8E).

Local inhibition of EMILIN1 degradation reactivates
lymphatic functionality

In time-course treatment experiments, EMILIN1 staining was
clearly and highly reduced in control animals: EMILIN1, com-
pletely absent in organized fibrils at day 2 after surgery, be-

came evident at day 7 and then it became associated with
podoplanin-positive vessels only at day 14 (Figure 9A). A
well-organized EMILIN1 matrix, albeit at a lower expression
at day 2, could be detected in sivelestat-treated mice, and
EMILIN1 was very closely associated with lymphatic cell mem-
branes at all time points examined (Figures 9A and 9B). More
interestingly, NE inhibition was already sufficient to restore
lymphatic functionality after 4 days in WT mice: FITC—dextran
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Figure 8 Neutrophil depletion in vivo and swelling in tail lymphoedema model

(A) Representative dot plots of neutrophils gated on CD45+ cells in blood of control (IgG cnt) and anti-Ly6G-treated recipient
mice. CD11b*Gr1"e" cells (boxed area) were identified as neutrophils. (B) Quantitative analysis of neutrophil numbers in
H&E-stained tail sections 4 days after injury in control and anti-Ly6G-treated recipient mice. (C-E) Representative images
of sections 4 days after injury in control and anti-Ly6G-treated recipient mice immunostained with (C) anti-CD45, (D) CD68,
and (E) elastase and EMILIN1 antibodies. The graphs in (B-D) report the means+S.D.s obtained from four mice per group,
analysing four fields (40x, original magnification) for each sample. (F) Anti-Ly6G-treated recipient mice showed a reduced
but insignificant (NS) extent of swelling compared with the control mice 4 days after surgery. Scale bar = 50 um.
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(A) EMILINZ staining was highly reduced in PBS-treated mice even at day 7 after wounding, very probably because
of degradation by NE, whereas in silvelestat-treated mice EMILIN1 fibres appeared to be well deposited and in close
contact with lymphatic vessels (arrows). (B) The z-section of the sivelestat-treated tail at day 14 as reported in (A); the
corresponding x and y projections clearly provide evidence for the close (yellow) association of EMILINL with lymphatic
vessel cell membranes. (C) FITC-dextran was already drained by lymph nodes in sivelestat-treated but not control (PBS)

mice at day 4 after surgery. Scale bars = 20 um (A), 2 mm (C).

drained to lymph nodes in sivelestat-treated but not control mice
(Figure 9C).

DISCUSSION

To the best of our knowledge, this is the first report to focus on
the role of an ECM component in the pathogenesis of secondary
lymphoedema. Most of the recent research has focused on the
molecular basis of lymphatic development and generated several
genetic animal models that are useful to identify key regulators
of embryonic lymphatic development and provide insight into the
mechanisms of primary lymphatic insufficiency [36]. The tissue
responses to the interplay of local inflammation, matrix remod-
elling and lymphangiogenesis in secondary lymphatic insuffi-
ciency are less well understood. Inflammation triggers lymphan-
giogenesis [37,38], and various lymphangiogenic factors, such as

VEGF-C, VEGF-D and hepatocyte growth factor, were identified
as necessary to regulate lymphatic regeneration [39]. However,
the crucial regulators in the coordination of the repair processes
after lymphatic injury still need to be elucidated. Optimism over
the promise of growth factor therapy for the treatment of sec-
ondary lymphoedema has been dampened [40,41]. Contrasting
observations emerged to show that exogenous growth factor ad-
ministration to sites of lymphatic injury augmented early LEC
proliferation, but without the development of a functionally com-
petent vasculature [42]. This was the case for delivery of exogen-
ous VEGF-C [43], suggesting that VEGF-C/VEGF receptor-3
signalling may not be sufficient for the organizational evolution
of lymphangiogenesis. Furthermore, it seems that the ability of
the lymphatic vasculature to regenerate after injury is governed
by a controlled balance between pro- and anti-lymphangiogenic
cytokines [44]. In this context, the role of ECM has been poorly
considered. The Emilin] = mouse model has represented the
first abnormal lymphatic phenotype associated with deficiency
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of an ECM protein, thus providing a unique and useful tool to
demonstrate the role of a key structural element in the mainten-
ance of lymphatic vessels’ integrity and in regulation of lymph-
angiogenesis. Our previous studies, in fact, demonstrated that
EMILIN1 genetic deficiency induces a significant reduction of
AFs in the lymphatic capillaries [8], and unveiled EMILIN1 as
a novel ligand for LEC way-integrin, suggesting that EMILIN1
played a direct role in growth and maintenance of lymphatic
vessels [11].

In the present study, we propose EMILIN1 as a ‘structural’
regulator for a competent vasculature. Through use of a
post-surgical tail lymphoedema model, we show that EMILIN1
degradation by NE is an early event in the pathogenesis of
lymphoedema.

We also demonstrate that, in the first phases of the inflam-
matory process after tail surgery, the cellular infiltrate is mainly
represented by neutrophils. It is well known that neutrophils
synthesize a number of different proteases, including NE and
MMP-8 and MMP-9 [45]. Among these enzymes, NE is the only
one that can cleave EMILIN1 because sivelestat fully blocked
the effect of lymph extracted from lymphoedematous tissues,
whereas GM6001, a broad-spectrum MMP inhibitor, was totally
ineffective. In a recent study, Rigby etal. [46] found that,
during neutrophil transit of the inflamed lymphatic endothelium,
MMP-8, MMP-9 and NE promote the endothelial retraction
that increases junctional permeability, enabling neutrophil
transmigration. They did not identify the substrates of the neut-
rophil enzymes, but hypothesized that ECM components were
involved. The present study provides evidence that EMILIN1
is the elective ECM substrate, as demonstrated in vitro by
experiments on the increased permeability of LECs after NE
treatment and EMILIN1 degradation.

The crucial role of neutrophils in lymphoedema pathogen-
esis remains to be fully and well characterized. Our neutrophil
depletion approach clearly demonstrated that it is necessary to
fully inhibit NE to restore lymphatic endothelial functionality:
the presence of few neutrophils after Ly6G treatment, but posit-
ivity for elastase staining, did not allow a strong and significant
effect in reducing tail swelling.

In fact, only the treatment with sivelestat significantly inhib-
ited the development of lymphoedema in the acute phase; in so
doing it could also delay or even avoid the onset of the chronic
phase. It is known that transforming growth factor (TGF)-g in-
creases the tissue fibrosis that characterizes the chronic phase
of lymphoedema and impairs lymphatic regeneration [47]. As
the genetic inactivation of EMILIN1 causes increased TGF-8
levels [12], it is reasonable to hypothesize that, in the absence
of EMILIN1, as in Emilinl~'~ mice (see Figure 1), or after its
cleavage as in secondary lymphoedema, the lymphangiogenic re-
sponse could also be altered via an indirect TGF-8-dependent
mechanism.

The rationale for using sivelestat as a novel ‘ECM’ pharmaco-
logical approach to assess new lymphoedema treatments is highly
supported by ex vivo analyses of human lymphoedema samples,
in which few neutrophils were still present, even if among sev-
eral cells typical of the chronic inflammatory process. Degraded
EMILIN1 was, however, detected.

In summary, EMILINI is a structural element that assures
a proper functionality of the LEC intercellular junctions. Thus,
prevention of EMILIN1 cleavage in the acute phase of inflamma-
tion, by locally inhibiting the activity of NE, could be a powerful
strategy to avoid lymphatic vessel impairment and the consequent
severe development of secondary lymphoedema.

CLINICAL PERSPECTIVE

e As a therapeutically relevant treatment of secondary lymph-
oedema has yet to be achieved, the impact of lymphoedema
remains a serious healthcare problem, above all in cancer pa-
tients. The role of ECM in lymphoedema still needs to be
elucidated.

e We show that the degradation of the ECM protein EMILIN1
by NE is an early event in the acute phase of lymphoedema.

e The local administration of a specific elastase inhibitor pre-
vents EMILIN1 degradation, reduces lymphoedema and re-
stores lymphatic functionality, thus providing the rationale for
a powerful strategy to avoid the consequent development of
severe secondary lymphoedema.
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